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Male fertility: A case of enzyme identity
Dazhong Zhao and Hong Ma
The plant hormone jasmonate has been implicated in
male fertility in Arabidopsis. Recent studies have
identified the enzyme required for a critical step of
jasmonate synthesis in anthers and shown that this
enzyme really is required for male fertility.
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It is well known that hormonal regulation plays a pivotal
role in animal reproductive development. In mammals,
the balance of male and female sex hormones determines
whether a fetus will develop male or female reproductive
organs. In plants, most hormones have pleiotropic effects
on development, including reproductive development. In
higher plants, the male reproductive organs — the stamens
— consist of two parts, anther and filament. The anther
houses the developing pollen grains and must open —
dehisce — at the right time to release the mature pollen
grains [1] (Figure 1). The filament attaches the anther to
the rest of the flower and supplies nutrients to the anther;
it also elongates to facilitate the delivery of pollen grains.
A number of developmental events must thus occur in a
coordinated fashion for successful pollination. In the
model plant Arabidopsis, for self-pollination to occur the
anther must dehisce at the right time to release the mature
pollen grains when the female organ pistil is receptive,
and the filament must reach the right height to deliver the
released pollen grains to the pistil.
In recent years the plant hormone jasmonate, well known
for its role in defense against pathogens and insects [2,3],
has been implicated in male organ development and male
fertility [4,5]. Jasmonate is synthesized from linolenic
acid — referred to as a ‘trienoic’ fatty acid on account of
its three double bonds [6] (Figure 2). A triple mutant line
of Arabidopsis that produced almost no trienoic fatty acid
was found to be male sterile, and the mutant phenotype
could be rescued by exogenous linolenic acid or jas-
monate, supporting the idea that jasmonate promotes
male fertility [4]. These results did not, however, rule out
the possibility that other intermediates in the jasmonate
biosynthesis pathway may have similar roles. In fact, a jas-
monate precursor, 12-oxophytodienoic acid (OPDA), was
shown to be very effective at triggering some jasmonate
responses [7]. Identifying the enzyme required to convert
OPDA to jasmonate, and demonstrating its requirement
Figure 1
Anther structures before and after
dehiscence. (a) Undehiscent (left) and
dehiscent (right) anthers. The undehiscent
anther is found in immature wild-type and
mature opr3 flowers, whereas the dehiscent
anther is found in mature wild-type and
senescent opr3 flowers. (b) Anther cross
sections, showing location of the septum (Se)
and stomium (St) cells. Programmed cell
death (PCD) in the septum connects the two
adjacent locules (Lo), and the subsequent
PCD in the stomium opens up the locules to
the outside, releasing the pollen grains (PG).
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for male fertility, thus become crucial to understanding
the hormonal regulation of male fertility in higher plants.
Two recent studies, one by Stintzi and Browse [8] and
the other by Sanders et al. [9], have met the challenge,
and demonstrated using genetic means that the 12-oxo-
phytodienoic acid 10,11 reductase isozyme OPR3 is essen-
tial for the synthesis of jasmonate in the anther and is
required for male fertility.
The Browse laboratory [4] had earlier shown that linolenic
acid is required for male fertility in Arabidopsis. Linolenic
acid is found at high levels in the chloroplast membranes,
and is thought to be critical for photosynthesis. Setting out
to prove the importance of linolenic acid in photosynthe-
sis, Browse and colleagues created an Arabidopsis line that
is mutated for the three genes, FAD3, FAD7 and FAD8,
which encode the isozymes required for making trienoic
fatty acids. They found, however, that the triple mutant is
healthy and has a normal ability to carry out photosynthe-
sis. Surprisingly, the triple mutant was male sterile, and
the fertility could be restored by applying linolenic acid to
the plants. Knowing that linolenic acid is the precursor for
jasmonate, they tested jasmonate and found it also could
restore fertility. The role of jasmonate in promoting male
fertility was also supported by the isolation of the coi1
mutant, which is male sterile and insensitive to jasmonate
treatment [5].
As shown in Figure 2, linolenic acid is converted by three
enzymes to OPDA, a compound with a five-member
ring; OPDA is reduced by the enzyme 12-oxophyto-
dienoic acid 10,11 reductase (OPR) [6]. Three additional
steps then complete the pathway for synthesizing jas-
monate. It is noteworthy that OPDA shown in Figure 2
has a specific stereoconfiguration (9S,13S) for the two
side chains attached to the ring. This stereoisomer is
believed to be predominant in plants, and the same
stereoconfiguration is maintained in subsequent com-
pounds. OPR clearly plays an important role in jas-
monate synthesis, and could be required for male
fertility. The first Arabidopsis OPR isozyme to be identi-
fied, OPR1, turned out to have little activity on 9S,13S-
OPDA [10,11]. A second isozyme, OPR2, was found to
be produced in developing pollen, suggesting that it
might be responsible for jasmonate synthesis in pollen
[12]. Additional studies, however, indicated that OPR2
also has little activity on 9S,13S-OPDA. But a third
isozyme, OPR3, was very effective at reducing 9S,13S-
OPDA in vitro [13]. Is OPR3 the enzyme of jasmonate
synthesis that is required for male fertility?
Armed with the knowledge that jasmonate promotes male
fertility and can be supplied exogenously, Stintzi and
Browse [8] devised a screen for male-sterile mutants that
can be rescued by jasmonate. From a collection of Ara-
bidopsis lines that carry insertions of the Agrobacterium
transforming T-DNA, 28 lines were previously identified
as being male sterile; one of these mutants could be
rescued by exogenous jasmonate. Molecular analysis
showed that the T-DNA insertion in this mutant was in
the OPR3 gene. The mutant lacked OPR3 mRNA, indicat-
ing that the OPR3 gene is indeed defective in this mutant.
Furthermore, introducing a normal copy of the OPR3
cDNA into the mutant fully restored normal fertility,
demonstrating that the defect in OPR3 is indeed the cause
of male sterility in this mutant line.
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Figure 2
Biosynthetic pathway for jasmonate. In Arabidopsis, the enzymes
FAD3, FAD7 and FAD8 have redundant function in the synthesis of
trienoic fatty acids, including linolenic acid shown here. OPR3 is the
only Arabidopsis enzyme that can efficiently reduce in vitro the
stereoisomer of OPDA shown here.
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The isozymes OPR1 and OPR2 are thus unable to provide
the enzyme activity needed for jasmonate synthesis and
male fertility. Furthermore, Stintzi and Browse [8] showed
that the jasmonate precursor 12-OPDA could restore
fertility to the fad3 fad7 fad8 triple mutant, but not to the
opr3 mutant. This indicates that 12-OPDA needs to be
reduced by OPR3 to support male fertility. Because there
are three additional steps before jasmonate, it is formally
possible that one of the more immediate precursors can
also promote male fertility, as does jasmonate.
How does jasmonate affect male fertility? As mentioned
earlier, male fertility in the self-fertilizing Arabidopsis
requires not only normal pollen development, but also
correct timing of anther dehiscence and appropriate fila-
ment elongation to release pollen grains and deliver them
to the stigma of the pistil at the right time. In the opr3
mutant, one obvious phenotype is that anther dehiscence
is delayed. In fact, Sanders et al. [9] have independently
identified and characterized the same mutant, which they
named delayed dehiscence1 (dde1). The mutant anther
dehisced when the flower began to senesce and the pistil
was no longer receptive to the pollen grains. Studies by
both groups [8,9] further revealed that the mutant fila-
ment did not elongate sufficiently to allow the anther to
reach the height of the stigma. Furthermore, although
morphological analysis suggests that pollen development
in the opr3/dde1 mutant reached maturity, as characterized
by having three cells, these pollen grains were mostly invi-
able or nonfunctional. Similar phenotypes were also
observed for the fad3 fad7 fad8 triple mutant [4]. These
observations indicate that jasmonate may regulate several
aspects of male fertility. 
Jasmonate seems to have a specific effect on stamen and
pollen development, but not on other aspects of flower
development. Is OPR3 expressed specifically in the
stamen? To address this question, Sanders et al. [9] per-
formed RNA in situ hybridization experiments and learned
that the gene is expressed in all floral organs before male
meiosis, and later in petals, stamens and the pistil, indicat-
ing that the gene’s expression is not restricted to stamens
[9]. OPR3 is also expressed in vegetative organs [8,9]. In
fact, the OPR activity in leaves is due to the OPR3
isozyme, as the dde1 mutant had no detectable activity in
leaves [9], consistent with in vitro studies of the three
isozymes [11–13].
Interestingly, OPR3 expression is not detectable at the
time of anther dehiscence [9]. This timing coincides with
the period when the opr3/dde1 mutant is responsive to
exogenous jasmonate. Because jasmonate seems to act
prior to dehiscence in a spatially non-specific way, it most
likely acts non-cell-autonomously to program the cells
before the actual dehiscence for later death. Jasmonate is
known to regulate gene expression [3] and may control
anther genes that are important for anther dehiscence and
other functions. Further molecular genetic analysis will be
necessary to identify elements of such a regulatory program.
How is the role of jasmonate in defense related to its
function in male fertility? Jasmonate has been shown to
induce defense-related genes; it is possible that some of
these genes might play a role in pollen development or
other aspects of male fertility. In one case, jasmonate has
been found to modulate programmed cell death induced
by another plant signaling molecule, salicylic acid [14]. In
another case, jasmonate promotes cell death induced by
the mycotoxin fumonisin B1 [15]. Because anther dehis-
cence requires programmed cell death in two anther
tissues, the septum and the stomium [1,9], it is possible
that jasmonate also regulates programmed cell death in
the anther. Sanders et al. [9] observed that septum and
stomium cells differentiated normally in the dde1 mutant,
and the programmed cell death process, though delayed,
appeared normal. So jasmonate is not required for the cell
death in the anther, but appears to regulate its timing.
As pointed out by Sanders et al. [9], anther dehiscence is a
convenient assay for identifying mutants defective in jas-
monate synthesis and signaling, particularly those control-
ling male fertility. Several reports [16,17] have described
the isolation of Arabidopsis mutants with dehiscence
defects. As demonstrated by the studies discussed here,
the mutants that fail to synthesize jasmonate can be
rescued by exogenous jasmonate, distinguishing them
from mutants defective in signaling [8,9]. Indeed, the coi1
mutant is male sterile and has morphological phenotypes
similar to those of the opr3/dde1 mutant, but it cannot be
rescued by application of jasmonate to the flower [5]. The
COI1 gene is also required for normal defense response
mediated by jasmonate, but there might also be genes
specific to jasmonate’s action in regulating male fertility.
Other mutants that fail to dehisce might be defective in
genes that are required for the programmed cell death and
are targets of jasmonate regulation [16,17].
It is clear that the mystery of how jasmonate regulates
male fertility is just beginning to be unraveled. Many
questions still remain. For example, it is not certain that
delayed dehiscence is the primary defect caused by the
lack of jasmonate. Other aspects, including reduced fila-
ment length and pollen inviability, may or may not be
direct consequences of the defect in jasmonate synthesis
or signaling. The identification of the targets of jasmonate
regulation will probably go a long way to providing
answers to these questions. The relationship between fer-
tility and defense is also interesting. Other studies [18–20]
have also found genes expressed in reproductive organs to
be similar to defense-related genes, suggesting a connec-
tion between these two processes. In particular, jasmonate
induces expression of a gene encoding a leaf storage protein
in a COI1-dependent way; furthermore, the same gene is
expressed in flowers without jasmonate treatment, but this
expression is still COI1-dependent [20]. Further genetic,
molecular, biochemical and cell biological studies, facili-
tated by the rapidly advancing plant genome-sequencing
projects, promise to reveal additional secrets of this fasci-
nating aspect of plant biology.
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